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Abstract: Higher heat transfer rates and better cooling can be achieved by Axial Wicked Heat Pipes 
(AWHP) in comparison to conventional heat pipes due to increase in heat transfer area. Experiments 
were conducted to find the effect of variation in heat input and inclination angle on the performance of 
AWHP. SS304 was selected as the container material and water as the working fluid for AWHP. Inner 
surface of the outer pipe was covered with single layer of screen mesh wick. Surface and vapor 
temperatures were determined for various heat inputs and inclination angles at steady state conditions 
and isothermal characteristics of AWHP considering uniform heating application were found. Results 
concluded that with increase in heat input, the vapor temperature difference between the evaporator and 
condenser section decreases for all inclination angles of AWHP. The temperature difference between the 
evaporator and condenser end in axial direction is the least for vertical position of AWHP at all levels of 
heat input. This depicts the isothermal characteristic of concentric annular heat pipe. Thermal resistance 
decreased possibly due to enhancement in nucleate boiling activity and this improved the heat transfer 
with increase in heat input. Least thermal resistance was found at vertical position of AWHP. 
The simple theory of the heat pipe states that the capillary pressure developed in the wick should be 
greater than the sum of the pressure drops in the vapor core and in the wick structure. If the heat pipe is 
not horizontal, then gravitational head will also play a role in the pressure balance. The analysis is done 
to 15 30 60 degree angles to extract maximum heat dissipation rate. 
Keywords: Concentric Annular Heat Pipe; Thermal Resistance; Inclination Angle; Isothermal 
Characteristics. 
I. INTRODUCTION 
Introduction To Heat Pipe:          
The field of electronics is the fast developing 
science and in the present scenario, its contribution 
to the technology is growing rapidly. Continuous 
usage of these devices generates high heat .This 
induces thermal stresses in the electronic circuits, 
leading to the failure in the components .The 
generated large heat flux is not removed 
effectively and it leads to deterioration in the 
effective functioning of the electronic devices. 
Also, the effective thermal management becomes 
one of the major serious challenges in many 
technologies because of constant demands for 
faster speed and continuous reduction of device 
dimensions. Heat pipe is a special type of heat 
exchanger that transfers large amount of heat due 
to the effect of capillary action and phase change 
heat transfer principle .It is a simple device with no 
moving parts that can transfer large quantities of 
heat over fairly large distances without requiring 
any power input. 
Principle Of Operation: 
A heat pipe is basically a sealed slender tube 
containing a wick structure lined on the inner 
surface and a small amount of fluid such as water 
at the saturated state. The length of the heat pipe 
can be divided into three parts viz. evaporator 
section, adiabatic section and condenser section. It 
is composed of three sections evaporator section, 
adiabatic section and condenser section 
When the evaporator end of the heat pipe is 
brought into contact with a hot surface or placed 
into a hot environment, heat flows into the heat 
pipe. Being at a saturated state, the liquid in the 
evaporator end of the heat pipe vaporizes as a 
result of this heat transfer, causing rise in the 
vapour pressure. The pressure difference drives the 
vapour through the core of the heat pipe from the 
evaporator towards the condenser section. The 
condenser end of the heat pipe is in a cool 
environment, and thus, its surface is slightly cool. 
The vapour that comes into contact with this cooler 
surface of heat pipe, condensation takes place and 
releases a vaporized heat, which is rejected to the 
surrounding medium. The liquid then returns to the 
evaporator end of the heat pipe through the wick as 
a result of capillary action in the wick, in this way 
the cycle is completed. As a result, the heat is 
absorbed at one end of the heat pipe and is rejected 
at the other end, with thefluid inside serving as a 
transport medium for heat .The principle of 
operation of heat pipe is shown in fig 1.2 
 
Fig 1.1 Principle of operation of heat pipe 
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Components Of Heat Pipe: 
       Heat pipe has three components: 
1. Casing 
2. Working Fluid 
3. Wick 
Casing:  
The case is the heat pipes connection to the outside 
environment. Heat has to be transferred through 
the case to and from the working fluid in the 
evaporator and condenser. At the same time it is 
desirable to have no heat transfer in the adiabatic 
area and to maintain pressure differential across 
the walls. 
Selection of the case material depends on the 
following factors: 
● Compatibility (both working fluid and the 
external environment) 
● Strength to weight ratio 
● Thermal conductivity 
● Ease of fabrication including weld ability, 
machinability and ductility Materials for 
casing 
● Aluminium 
● Stainless Steel 
● Copper 
● Composite materials  
● Refractory materials (for high temperature 
heat pipes) or linings to prevent corrosion 
Working fluid:  
Selection of working fluid is directly linked to the 
properties of the fluid. The properties are going to 
affect both the ability to transfer heat and 
comparability with the case and wick material. 
Following things are to be considered while 
choosing the working fluid 
a) Compatibility with wick and wall materials 
b) Good thermal stability 
c) Wet ability of wick and wall materials 
d) Vapour pressures not too high or low over the 
operating temperature range 
e) High latent heat 
f) High thermal conductivity 
g) Low liquid and vapour viscosities 
h) High surface tension 
The most common working fluid is ammonia. The 
standard working fluid for space applications and 
some refrigerants is water. Meanwhile, the 
standard working fluid for most terrestrial 
applications, some organic working fluids and 
alkali-metals, especially sodium as the standard 
high temperature working fluid. The majority of 
heat pipes for room temperature applications uses 
ammonia (213-373K), methanol(283-403K), 
ethanol(273-403K), water(303-473K) as working 
fluid and typically operates in the of 20-150o C. 
Wick material/structure 
The main functions of the wick are to generate 
capillary pressure and to distribute the liquid 
around the evaporator area. If the heat pipe has to 
return the liquid over a distance against the gravity 
field there is a big requirement of the wick. 
Therefore, there are many different forms of wick 
depending on the heat pipe and its location to be 
able to satisfy the two main functions. 
Capillary Wick Designs and Structures in Heat 
Pipe: 
The wick structure within the heat pipe is present 
to return condensate to the evaporator section. 
While small pores are needed at the liquid-vapor 
interface to develop high capillary pressures, large 
pores are preferred within the wick so that the 
movement of the liquid is not restricted too 
greatly. For this reason, many different types of 
wick structures have been developed in order to 
optimize the performance of the capillary heat 
pipe.  
The types of wick structures can be divided into 
two categories: homogeneous and composite 
wicks. Homogeneous wicks (Table 1.4.3 (a)) have 
the benefit of being relatively simple to design, 
manufacture and install. Composite wicks (Table 
1.4.3 (b)) however, can significantly increase the 
capillary limit of the heat pipe, but have the 
drawback of high manufacturing costs.  
 
Fig 1.2 Capillary wick designs 
There are three properties of wicks that are 
important in heat pipe design: 
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Minimum capillary radius:  
This parameter should be small if a large capillary 
pressure difference is required, such as in 
terrestrial operation for a long heat pipe with the 
evaporator above the condenser, or in cases where 
a high heat transport capability is needed.  
Scope And Objectives: 
Heat pipes can be used extensively in electronics 
and electrical equipments ,energy systems 
,aerospace and avionics ,heat exchangers and heat 
pumps ,gas turbine engines and automotive 
industries ,production tools ,medicine and human 
body temperature control ,ovens and furnaces 
,manufacturing ,transportation systems and de-
icing .Of course there are different types of heat 
pipes depends on wick structure like sintered wick 
,thermosyphon ,and grooved wick. 
From the literature review it is understood that 
most of the research is going on sintered wick heat 
pipe only so i have selected helical grooved wick 
heat pipe and it is also have  
i. Less weight 
ii. High performance in gravity assisted 
condition 
iii. Radial temperature drop is minimum 
Very few papers are available related to prediction 
of thermal performance using empirical 
relationships incorporating process parameters.It is 
very useful in cooling applications. Moreover, 
there is no literature available on establishing 
relationship between thermal performance and 
process parameters of heat pipe .Development of 
such relationships will also useful to select 
optimum parameters which optimize the thermal 
performance of heat pipe .Keeping all the points in 
mind ,the present investigation was carried out to 
attain following objectives 
i. Studying the effect of heat pipe process 
parameters(mass flow rate ,inclination angle 
and heat input) on the thermal performance 
ii. Developing empirical relationships to predict 
the thermal performance of heat pipe 
incorporating process parameters using 
Design of Experiments(DOE),Analysis of 
Variance(ANOVA) and Regression analysis 
iii. Optimizing the heat pipe process parameters 
to attain maximum thermal performance 
using Response Surface Methodology(RSM) 
Introduction Of CFD: 
Computational Fluid Dynamics (CFD) has grown 
from a mathematical curiosity to become an 
essential tool in almost every branch of fluid 
dynamics, from aerospace propulsion to weather 
prediction. CFD is commonly accepted as referring 
to the broad topic encompassing the numerical 
solution, by computational methods. These 
governing equations, which describe fluid flow, 
are the set of Navier-Stokes equation, continuity 
equation and any additional source terms, for 
example, porous medium or electric body force. 
Since the advent of the digital computer, CFD, as a 
developing science, has received extensive 
attention throughout the international community. 
The attraction of the subject is twofold. Firstly, 
there is the desire to be able to model physical 
fluid phenomena that cannot be easily simulated or 
measured with a physical experiment, for example, 
weather systems. Secondly, there is desire to be 
able to investigate physical fluid systems more 
cost effectively and more rapidly than with 
experimental procedures. 
Traditional restrictions in flow analysis and design 
limit the accuracy in solving and visualisation of 
the fluid-flow problems. This applies to both single 
and multi-phase flows, and is particularly true of 
problems that are three dimensional in nature and 
involve turbulence, additional source terms, and/or 
heat and mass transfer. All these can be considered 
together in the application of CFD, a powerful 
technique that can help to overcome many 
restrictions inherent in traditional analysis. 
CFD is a method for solving complex fluid flow 
and heat transfer problems on a computer. CFD 
allows the study of problems that are too difficult 
to solve using classical techniques. The flow inside 
the ESP is complex and this can be analysed using 
CFD tool, which provides an insight into the 
complex flow behaviour. 
CFD Simulations: 
The process of performing CFD simulations is 
split into three components: 
● Pre-processing 
● Solving. 
● Post Processing 
● Pre-processing 
The  pre-processor  contains  all  the  fluid  
flow  inputs  for  a  flow problem. It can be seen as 
a user-friendly interface and a conversion of all the 
input into the solver in CFD program. At this 
stage, quite a lot of activities are carried out before 
the problem is being solved. These stages are listed 
below: 
Geometry Definition - The region of interests, 
that is the computational domain which has to be 
defined Grid generation- It is the process of 
dividing the domain into a number of smaller and 
non-overlapping sub-domains. 
Physical and chemical properties - The flow 
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behaviour in terms of physical and chemical 
characteristics are to be selected. 
Fluid property Definition - The fluid properties 
like density and viscosity are to be defined. 
Boundary conditions - All the necessary 
boundary conditions have to be specified on the 
cell zones. 
The solution of the flow problem such as 
temperature, velocity, pressure etc. is defined at 
the nodes insides each cell. The accuracy of the 
CFD solution is governed by the number of cells in 
the grid and is dependent on the fineness of the 
grid. 
Solution 
In the numerical solution technique, there are three 
different streams that form the basis of the solver. 
They are finite difference, finite element and finite 
volume methods. The differences between them 
are the way in which the flow variables are 
approximated and the discretisation processes are 
done. 
Finite Difference Element (FDM) 
FDM describes the unknown flow variables of the 
flow problem by means of point samples at node 
points of a grid coordinate. By FDM, the Taylor’s 
expansion is usually used to generate finite 
differences approximation. 
Finite Element Method (FEM) 
FEM uses the simple piecewise functions valid on 
elements to describe the local variations of 
unknown flow variables. Governing equation is 
precisely satisfied by the exact solution of flow 
variables. In FEM, residuals are used to measure 
the errors. 
Finite Volume Method (FVM) 
FVM was originally developed as a special finite 
difference formulation. The commercial CFD code 
packages using the FVM approaches are 
PHOENICS, FLUENT, FLOW 3D and STAR-CD. 
Basically, the numerical algorithm in these CFD 
commercial packages involves the formal 
integration of the governing equation over all the 
finite control volume, the discretisation process 
involves the substitution of a variety of FDM types 
to approximate the integration equation of the flow 
problem, and the solution is obtained by iterative 
method. Discretisation in the solver involves the 
approaches to solve the numerical integration of 
the flow problem. Usually, two different 
approaches are made, one at a time. 
Explicit approach: Usually, this is the most 
useful approach that makes sense. It is relatively 
simple to set up and program. The limitation is that 
for a given t and x, the time must be less than some 
limit imposed by stability constraints. In some 
cases, t must be very small to maintain the 
stability, and consequently long running time is 
required for the calculation over a given time 
interval t. 
Implicit approach: For this approach, the stability 
can be maintained over a large value of t and fewer 
time steps are required for making calculation 
resulting in less computer time. But it is 
complicated to set up and program. The computer 
time per time step is much larger than the explicit 
approach due to the matrix manipulation, which is 
required for each time step. This approach is very 
accurate to follow the exact transients, i.e., the 
time variations of the independent variables. 
Post-Processing 
The CFD package provides the data visualisation 
tools to visualise the results of the flow problem. 
This includes – vectors plots, domain geometry 
and grid display, line and shaded counter plots, 
particle tracking etc. Recent facilities are aided 
with animation for dynamic result display and they 
also have data export facilities for further 
manipulation external to the code.Determining the 
convergence, whether the solution is consistent 
and stable for all range of flow variables, is 
important.Convergence is a property of a 
numerical method to produce a solution that 
approaches the exact solution by which the grid 
spacing and control volume size are reduced to a 
specific value or to zero value.Consistency is to 
produce the system of algebraic equations that can 
be equivalent to the original governing 
equation.Stability associates with the damping of 
errors as a numerical method proceeds. If a 
technique chosen is not stable, even the round-off 
error in the initial data can lead to wild oscillations 
or divergence. 
II.  RESULTS AND DISCUSSION 
Results for 102.9W: 
 
Fig 4.1. Conversion of phase and flow pattern 
inside the wicked tube. 
 
Fig 4.2 Velocity of vapour. 
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Fig 4.3PressureContour. 
 
Fig 4.4 Temperature Contour. 
 
Fig 4.5 Temperature inside the tube. 
Results for 150 W: 
 
Fig 4.6 Pressure Contour 150w. 
 
Fig 4.7 Temperature Contour 150W. 
Table 4.1Inclination angle (θ) = 15o and mass flow 
rate (m) = 0.01 kg/s. 
Results 30 Degrees 102.9W: 
 
Fig 4.8 Pressure distribution along the heat pipe. 
 
Fig 4.9 Temperature along the heat pipe. 
 
Fig 4.10 Velocity and phase transition along the 
heat pipe. 
Results 30 Degrees 150W: 
 
Fig 4.11 Pressure Distribution   .                                     
 
Fig 4.12 30 Degree 150W temperature 
Distribution. 
 
Fig 4.13 30 Degree Velocity. 
Table 4.2Inclination angle (θ) = 30 o and mass flow 
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rate(m) = 0.01 kg/s 
Results for 60 degrees 102.9W: 
.  
Fig 4.14 Pressure distribution in 60 Degree 
inclination heat pipe. 
 
Fig 4.15 Temperature distribution in 60 degree 
inclination heat pipe. 
 
Fig 4.16 Velocity and Phase transition in 60 
degree inclination heat pipe. 
RESULTS 60 Degree 150W: 
 
Fig 4.17 Velocity and phase transition 150W 60 
degree inclination. 
 
Fig 4.18 Pressure distribution inside the Heat 
pipe. 
 
Fig 4.19 Temperature Distribution 60 degree 
150W. 
Table 4.3 Inclination angle (θ) = 60 o and mass 
flow rate(m) = 0.01 kg/s. 
Results 102.9 W 90 Degrees Inclination: 
 
Fig 4.20 Velocity distribution 102.9W 90 Degrees. 
 
Fig 4.21 Pressure distribution of 90 Degrees 
102.9W. 
 
Fig 4.22 Temperature Distribution of 90 degree 
102.9W. 
Result 150W 90 inclination: 
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Fig 4.23 Pressure distribution in 150W 90 
degrees inclination. 
 
Fig 4.24 Temperature distribution in 150W 90 
degrees inclination 
 
Fig 4.25 Velocity and phase transition. 
Table 4.4 Inclination angle (θ) = 90 o and mass 
flow rate (m) = 0.01 kg/s 
Sample Calculations: 
        At Inclination Angle = 15o and mass flow rate 
(m )= 0.01 kg/s 
1) For heat input 102.9W 
                Rth   =  
   (38−34)
 102.9
 
                         = 0.0389 K/W 
                    h=
𝑄𝑖𝑛
𝐴𝑠∗(𝑇𝑒−𝑇𝑐)
 
                       =
102.9
0.00997∗(4)
 
                    = 2585.42 W/m2K 
            Where 
                                As= п * D * 𝐿𝑒 
                                    = п * 0.01588*0.2 
                                    = 0.00997m2 
Graphs & Explanations: 
 
Graph 4.1 Heat input Vs Heat transfer coefficient 
at m=0.01 kg/s 
 
Graph 4.2 Heat input Vs Thermal resistance at 
m=0.01 kg/s 
From the graphs (fig 4.1 and fig 4.2) we can 
summarize as follows. Thermal resistance 
decreases with increase in heat input for any 
particular angle. As heat input increases 
continuously, more and more liquid will be 
vaporized so that heat can be removed more 
effectively by phase change. As the degree of 
vaporization is proportional to the amount of heat 
input, the thermal resistance decreases gradually 
until the minimum occur. Beyond the minimum 
point, larger input heating power will require more 
condensate for vaporization due to faster 
vaporization and faster vapour flow. The faster 
vapour flow create more interfacial resistance 
between the flow of vapour and condensate and 
will result in an inadequate return of the 
condensate to the evaporation section. Thus, the 
thermal resistance will increase more quickly as 
compared to that of the lower input heating 
powers. Hence the thermal resistance decreases up 
to 200W and then increases i.e. there will be more 
heat transfer enhancement at 200W heat input and 
after that it decreases 
Thermal resistance generally decreases with 
increase in inclination angle as gravitational effect 
is more pronounced but at higher inclination 
angles there is no time to exchange the heat by the 
heat pipe to the coolant (water) at condenser 
section. So thermal resistance decreases up to 60o 
and after that it increases   
Thermal resistance decreases with increase in mass 
flow rate of water in the condenser section 
Heat transfer coefficient increases with increase in 
heat input up to 200W as the thermal resistance 
decreases and above 200W heat transfer 
coefficient decreases as thermal resistance 
increases 
Heat transfer coefficient increases with increase in 
inclination angle up to 60o as the thermal 
resistance decreases and above 60o heat transfer 
coefficient decreases as thermal resistance 
increases  
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Heat transfer coefficient increases with increase in 
mass flow rate of water in the condenser section 
III.  CONCLUSION 
● In this investigation effect of heat pipe 
process parameters i.e. mass flow rate (m) of 
coolant ,inclination angle (θ) of heat pipe and 
heat input power(Q) to the helical grooved 
heat pipe were studied. 
● With increase in mass flow rate (m) of 
coolant, thermal resistance (Rth) decreases 
and heat transfer coefficient increases 
gradually, which means that thermal 
performance increases. 
● With increase in inclination angle (θ) of heat 
pipe, thermal resistance decreases up to 60o 
and further increase of inclination angle the 
thermal resistance increases. With increase in 
inclination angle, heat transfer coefficient 
increases up to 60ᵒ and further increase of 
inclination angle the heat transfer coefficient 
decreases.  
● With increase in heat input power (Q) to the 
heat pipe, thermal resistance decreases up to 
150w and further increase of heat input the 
thermal resistance increases. With increase in 
heat input, heat transfer coefficient increases 
up to 150 w and further increase of heat input 
the heat transfer coefficient decreases. 
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